Eliasson P, Andersson T, Hammerman M, Aspenberg P. Primary gene response to mechanical loading in healing rat Achilles tendons. J Appl Physiol 114: 1519 -1526, 2013. First published March 21, 2013 doi:10.1152/japplphysiol.01500.2012.-Loading can stimulate tendon healing. In healing rat Achilles tendons, we have found more than 150 genes upregulated or downregulated 3 h after one loading episode. We hypothesized that these changes were preceded by a smaller number of regulatory genes and thus performed a microarray 15 min after a short loading episode, to capture the primary response to loading. We transected the Achilles tendon of 54 rats and allowed them to heal. The hind limbs were unloaded by tail-suspension during the entire experiment, except during the loading episode. The healing tendon tissue was analyzed by mechanical testing, microarray, and quantitative real-time polymerase chain reaction (qRT-PCR). Mechanical testing showed that 5 min of loading each day for 4 days created stronger tissue. The microarray analysis after one loading episode identified 15 regulated genes. Ten genes were analyzed in a repeat experiment with new rats using qRT-PCR. This confirmed the increased expression of four genes: early growth response 2 (Egr2), c-Fos, FosB, and regulation of G protein signaling 1 (Rgs1). The other genes were unaltered. We also analyzed the expression of early growth response 1 (Egr1), which is often coregulated with c-Fos or Egr2, and found that this was also increased after loading. Egr1, Egr2, c-Fos, and FosB are transcription factors that can be triggered by numerous stimuli. However, Egr1 and Egr2 are necessary for normal tendon development, and can induce ectopic expression of tendon markers. The five regulated genes appear to constitute a general activation machinery. The further development of gene regulation might depend on the tissue context. tail-suspension; treadmill walking; tendon repair; early growth response; microarray TENDONS ADAPT TO CHANGES IN mechanical loading (5, 6, 20) , and sufficient mechanical stimulation appears to be required for appropriate healing of ruptured tendons (11, 12, 34 ). Yet there is always a risk of re-rupture if too much loading is applied after injury. In rats, short daily episodes of loading of an otherwise unloaded healing Achilles tendon increases the strength of the healing tissue (1, 9, 10). In human patients, early weight bearing after surgical repair of Achilles tendon ruptures has been suggested to improve the clinical outcome (26, 43) .
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Mechanical loading stimulates collagen expression during tendon healing (11) . At least in rats, it results in an increased cross-sectional area of the callus tissue, leading to an increase in strength (11) . The mechanisms behind the effect of mechanical stimulation are not fully understood, and the signaling pathways involved in tendon mechano-transduction in vivo are not well described. We previously studied the changes in gene expression that arise when an unloaded healing tendon is exposed to 30 min of loading (10) . We used the Affymetrix microarray technique and studied the expression pattern at 3, 12, 24, and 48 h after one loading episode. The strongest response was observed after 3 h, when 150 genes were upregulated or downregulated. Many of the genes regulated by mechanical loading were involved in inflammation, wound healing, and angiogenesis. These somewhat late time points after the loading episode showed a quite complex cellular response, which may be secondary to earlier processes elicited by loading. Therefore, to better understand the direct effects of loading, it is important to know which genes are regulated first. We thus chose to study the gene expression 15 min after a 5-min loading episode. We also wanted to confirm whether 5 min of loading each day for 4 consecutive days is sufficient to increase the strength of the healing tissue.
We hypothesized that only a few genes would be regulated at this early time point after loading, and that these would play a role in the immediate response to mechanical stimulation.
MATERIALS AND METHODS
To study tendon healing, the right Achilles tendon was transected in all rats at the beginning of the experiment. For gene expression studies, we used two groups of tail-suspended rats. One was unloaded during the entire experiment, and one was released and allowed to walk on a treadmill for 5 min on day 5 after injury. The rats were euthanized and the tendons were collected 15 min after this loading episode. In a similar experiment, evaluated by mechanical testing, the loading was repeated on days 2-5 after surgery, and the rats were euthanized on day 8.
Fifty-four female SD rats weighing 215 Ϯ 10 g were used for this study: 30 for mechanical testing and 24 for gene expression analyses. Eight of these were used for Affymetrix analysis and 16 for confirmatory quantitative real-time polymerase chain reaction (qRT-PCR). All experiments were approved (approval 22-11) by the Regional Ethics Committee for animal experiments in Linköping, Sweden, and adhered to the institutional guidelines for care and treatment of laboratory animals. All rats were housed one per cage and were given food and water ad libitum. All rats (both loaded and unloaded) were habituated to a treadmill apparatus and the unloading cages before the experiment started.
Surgery. All rats underwent Achilles tendon transection. They were anesthetized with isoflurane gas (Forene; Abbot Scandinavia, Solna, Sweden) and given antibiotics (25 mg/kg oxytetracycline; Intervet, Boxmeer, The Netherlands) preoperatively. They were also given analgesics (0.045 mg/kg buprenorphine; Schering-Plough, Brussels, Belgium) preoperatively and during the first 24 h after surgery. The surgery was performed under aseptic conditions and the skin over the Achilles tendon on the right hind limb was shaved and washed. A transverse incision was made in the skin lateral to the Achilles tendon and the Achilles tendon complex was exposed. The plantaris tendon was removed to avoid interference during material testing; the Achilles tendon was transversely transected, and a 3-mm segment was removed. The tendon was left unsutured, whereas the skin was sutured.
Unloading. All animals were unloaded by tail-suspension the day after surgery and thereafter randomized to different groups. The tail-suspension is described in detail elsewhere (30) . In short, the tail was shaved and adhesive tape was secured to it. The tape was connected to an overhead system by a fishline and a swivel, allowing the rats to rotate and move in all directions. The hind paws were lifted just above the cage floor during the entire experiment to prevent loading, and the rats moved around on their fore limbs.
Mechanical stimulation. The animals were either kept completely unloaded for the entire experiment or were subjected to a short loading episode once on day 5 after surgery for gene expression analyses, or daily for 4 days (days 2-5) for mechanical testing (Fig. 1) . For loading episodes, the rats were released from the suspension to walk on a treadmill for 5 min at 9 m/min, 7.5°uphill slope, before they were suspended again. The animals were monitored during the loading episode.
Tissue harvesting. Animals for gene expression analyses were anesthetized immediately after the loading episode with a subcutaneous injection (0.5 mg/kg dexdomitor; Orion Pharma, Espoo, Finland; and Ketaminol, Intervet). They were then suspended again until fully sedated. The skin was then shaved and washed, and the healing tissue was dissected free from the surrounding soft tissue under sterile conditions. Tissue harvest was timed to 15 min after loading. A midpart segment from the callus (consisting of newly formed callus only) was harvested, quickly rinsed in NaCl, and snap-frozen in liquid nitrogen and stored at Ϫ80°C until RNA extraction. The rats were thereafter killed with an overdose of pentobarbital sodium.
Animals for mechanical testing were killed on day 8 after surgery by CO 2 inhalation, and the healing tendons were harvested together with the calcaneal bone and parts of the calf muscle.
RNA isolation and purification. Extraction of RNA was carried out by a combination of the Trizol method and RNeasy total mini kit (QIAGEN, Sollentuna, Sweden) (10, 38) . The tendons were kept frozen during homogenization and were pulverized one by one by a tungsten ball in liquid nitrogen-cooled vessels in a Retsch mixer mill MM 200 (Retsch, Haan, Germany). Trizol was added to the pulverized tendons and it was left to thaw at room temperature. Chloroform was added to the samples, followed by centrifugation and phase separation. The aqueous phase was transferred to new tubes containing ethanol. RNA was further purified using the RNeasy total mini kit according to the manufacturers' instructions. Potential DNA contamination was eliminating by DNase treatment. RNA yield and integrity were analyzed with the Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and the RNA 6000 nano kit (Agilent Technologies, Böblingen, Germany). RNA samples were stored at Ϫ80°C until used.
Microarray. Samples for microarray were collected 15 min after the loading episode. Samples from loaded rats and controls that had been tail-suspended without any loading episodes were harvested on the same occasion. Four samples from each group were analyzed by rat microarrays (GeneTitan, Gene ST 1.1; Affymetrix, Santa Clara, CA). The microarray (and the statistical analysis of the microarray) was carried out by the Bioinformatics and Expression Analysis (BEA) core facility at the Karolinska Institute, Stockholm. Differentially regulated genes were based on both fold change and the P value from a Student's t-test. Genes were considered to be regulated if they had a greater fold change than 2 together with P Ͻ 0.05 or a fold change between 1.5 and 2 and P Ͻ 0.01.
Quantitative real-time PCR. Sixteen new samples, 8 in each group, were used to confirm selected genes from the microarray analysis and 500 ng of total RNA was transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, United Kingdom). Primers for aldehyde oxidase-1 (Aox-1), early growth response 1 and 2 (Egr1 and Egr2), FBJ osteosarcoma oncogene (c-Fos), FBJ osteosarcoma oncogene B (FosB), frizzled homolog 9 (Fzd9), galanin-like peptide (Galp), mitogen-activated protein kinase kinase kinase 13 (Map3k13), NK6 homeobox 1 (Nkx6-1), regulator of G protein signaling-1 (Rgs1), and selenium binding protein 1 (Selenbp1) were purchased from Applied Biosystems ( Table 1) . Amplification was performed in 15-l reactions using TaqMan Fast PCR Master mix (Applied Biosystems) and each sample was analyzed in triplicate. Quantitative real-time polymerase chain reaction (qRT-PCR) was conducted using a standard curve methodology to quantitate the specific gene targets of interest. The standard curve was made with embryonic rat RNA (for all genes except Galp) or rat brain RNA (for Galp) (Labinova, Upplands Väsby, Sweden). Each sample was normalized to a geometric mean of three different housekeeping genes (18S rRNA, cyclophilin A, and ubiquitin C) (Applied Biosystems). The expression of the three reference genes did not vary significantly between the two groups. Reactions with no reverse transcription and no template were added as negative controls.
Mechanical testing. Thirty tendons were used for mechanical testing. Tendon sagittal and transverse diameters were measured with a slide calliper on the midpart of the callus tissue and the crosssectional area was calculated, assuming an elliptical geometry. The distance between the old tendon stumps (referred to as gap distance) was visualized by transillumination and measured. The muscles were carefully scraped of the tendon fibers by blunt dissection, and the tendon fibers were fixed in a metal clamp covered with fine sandpaper. The length of the specimen was defined as the distance between the metal clamp and the calcaneal bone. The bone was fixed in a custom-made clamp in 30°dorsiflexion relative to the direction of traction in the materials testing machine (100R; DDL, Eden Praire, MN) and the machine pulled at a constant speed of 0.1 mm/s until Postoperative day: failure (Fig. 2 ). Peak force (N), stiffness (N/mm), and energy uptake (Nmm) were calculated by the software of the testing machine. The investigator marked a linear portion of the elastic phase of the curve for stiffness calculation. Peak stress (MPa) and elastic modulus (MPa) were calculated afterward, assuming an elliptic, cylindrical shape and homogenous mechanical properties. The displacement was expressed as a fraction of the starting length of the sample. All measurements and calculations were carried out by an investigator who was blinded to group allocation of specimens.
Statistical analysis.
Results from the microarray analysis are regarded as hypothesis-generating. However, P values from the Student's t-test were used together with fold change to identify regulated genes. Genes were considered regulated if they had a fold change Ͼ 2 and P Ͻ 0.05, or a fold change between 1.5-2 and P Ͻ 0.01. Results from qRT-PCR were analyzed by a Mann-Whitney U-test because the variance of some genes was significantly different between the groups. Results from qRT-PCR were corrected for multiple testing using Bonferroni's method (significance set at P Ͻ 0.005). The mechanical testing was regarded as hypothesis testing, and analyzed by Student's t-test, using peak force as the primary outcome variable and P Ͻ 0.05 as the significance level. Peak force was chosen beforehand, because it is unsensitive to bias at measurement, and usually has the best statistical power.
RESULTS
Five rats were excluded (4 from the mechanical testing, 2 from each group; and 1 from the microarray analysis), which generated an automatic recommendation to remove the sample. It was an extreme outlier in a cluster analysis of each specimen's entire signal, most probably because of technical error. Three of the four rats for mechanical testing were excluded because they fell down from the suspension and therefore loaded their leg, and one was excluded due to technical errors during mechanical testing. The rat that was excluded from the microarray analysis (when the investigator was still blinded) was an outlier in the quality control analysis.
Microarray. Out of the 27,342 genes studied in the microarray, only 10 genes were significantly upregulated and 5 were downregulated after 5 min of loading ( Table 2 ). Three of these regulated genes were unknown, and two genes were named as similar to another gene. The strongest response was observed in FosB. Other upregulated genes included c-Fos, Rgs1, Galp, Egr2, and Nkx6-1. Fzd9, Aox-1, Selenbp1, and Map3k13 were all downregulated by loading. Ten genes (all except the genes named as "similar to") were selected for a confirmatory study in a new set of rats with qRT-PCR.
Quantitative real-time PCR. Quantitative RT-PCR was performed on a new set of 16 rats, and this experiment confirmed the upregulated expression of Egr2, c-Fos, FosB, and Rgs1. Egr2 was expressed twice as much after 5 min of loading compared with that in unloaded tendons (P ϭ 0.001; Table 3 , Fig. 3 ). Rgs1 was 3.5 times more expressed in the loaded samples (P Ͻ 0.001), and both c-Fos and FosB were roughly 7 times more expressed in the loaded samples (P Ͻ 0.001 for both). We were not able to confirm the changed expression in the remaining genes. Because some in vivo studies show that Egr1 can be co-regulated with Egr2 or c-Fos (28), we choose to investigate whether Egr1 was also differentially regulated in our samples, even though this was not observed in the microarray experiment. The expression of Egr1 was almost three times higher in the loaded samples compared with the unloaded ones (P Ͻ 0.001) (Fig. 3) .
Mechanical testing. Five minutes of treadmill running for 4 days increased the peak force in the healing tendons. This was the chosen primary mechanical variable. Loaded tendons had a peak force of 12 N compared with 9.3 N in unloaded tendons (P ϭ 0.02; Table 4 , Fig. 4) . The displacement at rupture was 27% higher in the loaded group compared with the unloaded group (P ϭ 0.001). The energy uptake was also higheralmost doubled in the loaded tendons compared with the unloaded ones (P ϭ 0.003). Other parameters, such as crosssectional area, stiffness, peak stress, and elastic modulus were unaltered by loading (Table 4) . Gap distance, the distance between the old tendon stumps, was also unaltered by loading, indicating that the loading episode had not caused elongation of the tendon.
DISCUSSION
We have previously observed that ϳ150 genes were regulated 3 h after one loading episode (10) . This included genes involved in a number of diverse areas such as inflammation, apoptosis, extracellular matrix (ECM) production and degradation, transcription factors, angiogenesis, production of reactive oxygen metabolites, and others. We were therefore interested in determining which genes were involved in the initiation of these processes. The approach was to have only a short loading episode (5 min) and do a broad screening, with microarray, 15 min after the loading was finished. It turned out that the mechanical loading induced a limited number of immediately regulated genes. A repeat experiment with qRT-PCR could confirm the increased expression for four of these genes. The regulated genes included three transcription factors (c-Fos, FosB, and Egr2) and one negative regulator of G protein signaling (Rgs1). Further on, we also found one more transcription factor to be regulated by mechanical loading (Egr1).
Egr1 and Egr2: expressed during tendon development and tendon healing. Egr1 and Egr2 are structurally related, but have partly different functions (13) . Both genes appear to be important for tendon differentiation, similar to scleraxis (Scx) or mohawk (Mkx) (22) . The expression of both Egr1 and Egr2 increases during mouse tendon development, but at different localizations in the tendon. Knockout mice for either Egr1 or Egr2 display tail tendons with a reduced expression of tendon markers, fewer collagen fibrils, and a defect collagen type 1 (Coll1a1) production. Forced expression of either of the Egr genes can also induce ectopic expression of tendon cell markers such as Scx and collagens. This suggests that the expression of Egr1 and Egr2 observed in our experiment might have a direct role in tendon cell differentiation and Coll1a1 production.
However, Egr1 and Egr2 might also have other functions during tendon healing; for example, Egr1 is expressed during flexor tendon healing in rabbits at the site of tendon repair (7) . Both Egr genes have been suggested to be involved in a profibrotic response (2, 13) . Fibroblasts overexpressing Egr2 have upregulated genes associated with tissue remodeling and wound healing, and can stimulate myofibroblast differentiation (13) . Overexpression of Egr1 influenced genes involved in cell proliferation, Transforming growth factor-␤ (TGF-␤) signaling, wound healing, ECM, and vascular development. Egr1 also appears to be important in regulating the inflammatory response after injury (46) . Both Egr1 and Egr2 can respond to a number of different types of stimuli including mechanical stimulation, wounding, and growth factors (2, 13, 16, 32, 46, 48) . A PASTAA (Predicting Associated Transcription factors from Annotated Affinities) analysis has shown that Egr2 appears more often in loading-related functions in bone than any other gene (48) . Downstream targets for Egr1 and Egr2 include mediators of inflammation, coagulation, and different growth factors (2, 16, 46) , and the gene expression for Egr1 and Egr2 can be induced by a number of different signaling pathways depending on which primary stimulus is involved (33). Unloaded rats were continuously unloaded; loaded rats walked on a treadmill for 5 min on day 5 before they were sacrificed 15 min after the loading episode. *Values are means Ϯ SD; n ϭ 8 in each group. †From Mann-Whitney U-tests.
Even though Egr1 and Egr2 are important for tendon development, they do not appear to be specific for tendons. Both genes are also important for chondrogenesis and osteogenesis (23, 41) . It might be that these transcription factors are context-dependent, and their role is determined by the initiating nature of injury and the cell type or tissue where the genes are activated. Egr1 and Egr2 could be some kind of master regulators of the gene response after loading during tendon healing. A number of the genes that we have previously found to be up-regulated 3 h after loading appear to belong to the systems that can be regulated by these two transcription factors.
FosB and c-Fos: transcription factors involved in proliferation and differentiation of cells with mesenchymal origin.
FosB and c-Fos belong to the same family of transcription factors, and there is also an alternative splice form of FosB, deltaFosB, which is a shorter variant of FosB (8, 31) . The Fos genes are immediate or early genes, and can be rapidly activated in response to intracellular signaling cascades with no intervening protein synthesis (25, 32) . Both c-Fos and FosB have previously been shown to be mechanosensitive at both mRNA and protein levels, and in different types of cells (both in vitro and in vivo), including tenocytes, osteoblasts, pulmonary epithelial cells, periodontal ligament cells, smooth muscle cells, bone marrow cells, chondrocytes, and fibroblasts (14, 17, 19, 24, 25, 29, 32, 35, 36, 40, 47, 49) . The increase in c-Fos gene expression in osteoblast-like cells has also been shown to occur more rapidly and reach higher levels after tensile loading compared with compressive loading (25) . c-Fos can also be rapidly induced by other types of stimuli such as wounding and potassium chloride (KCl) treatment (27, 32) . The induction can occur via a variety of different signaling pathways, such as tyrosin kinases, p21, ras, mitogen-activated protein kinases (MAPKs), protein kinase A (PKA), Ca 2 ϩ , calmodulin, and protein kinase C (25, 47) . FosB can also be induced by different kinds of stimuli, including wounding (42) , and appears to signal mainly via Erk1/2 (19, 36) . FosB is implicated in playing a profibrotic role in that it can induce tenascin-C and CTGF in smooth muscle cells after loading (35) . Fos proteins (both c-Fos and FosB), together with Jun, form a complex, AP-1, which is important in cell proliferation and differentiation (8, 25) , and both genes are important during differentiation of cells with mesenchymal origin such as osteoblasts and chondrocytes (14, 15, 17, 19, 36) , and might therefore also be involved in tenocyte differentiation. The AP-1 complex also has a binding site in the promoter for collagen type 1 (15) , which is the predominating collagen in normal tendons. FosB has also been shown to be important for cell cycle progression in fibroblasts (21) . During tendon healing, c-Fos, and FosB might activate a general proliferatory response and stimulate collagen type 1 production and perhaps also be involved in tendon cell differentiation, but this needs to be further investigated.
Rgs1: a negative regulator of G protein signaling. Less is known about Rgs1 than about the other regulated genes in this study. It is an endogenous regulator of G protein signaling (39) . G proteins are involved in cell proliferation, differentiation, and apoptosis (45) , and Rgs proteins enhance the GTPase Fig. 3 . Gene expression at day 5 for Egr2, c-Fos, FosB, Rgs1, and Egr1 15 min after loading, measured by qRT-PCR. Unloaded rats were continuously unloaded; loaded rats walked on a treadmill for 5 min on day 5 and were killed 15 min after the loading episode. The vertical axis shows the relative ratio of the expression of the gene to a mean expression of three reference genes. In each group, n ϭ 8. Unloaded rats were continuously unloaded; loaded rats walked on a treadmill for 5 min each day on days 2-5 and were unloaded the remainder of the time. *Displacement is expressed as a fraction of the starting length of the sample. †Values are mean Ϯ SD; n ϭ 13 in each group. ‡From Student's t-test. activity and speed up the transition of the G protein from an active to an inactive state (3, 39) . Rgs1 expression has mainly been described in hematopoietic cells (B-cells and macrophages) (18, 39) . An upregulation of Rgs1 can lead to higher cAMP levels, activation of PKA, and an increase in expression of cyclooxygenase-2 (Cox-2) (39). Cox-2 has been shown to be important during tendon healing, and inhibition of Cox-2 results in a weaker tendon callus tissue (44) . Cox-2 inhibition has also been shown to change collagen synthesis after loading in intact tendons (4). Rgs1 might be involved in the regulation of Cox-2 levels after loading. Rgs1 can also inhibit cell chemotaxis and reduce rapid integrin-dependent adhesion and is perhaps therefore involved in fine-tuning leukocyte mobility and adhesion in response to chemoattractants during tendon healing (3). Rgs1 is also more expressed in melanoma tissues and correlated with tumor thickness, mitotic rate, and presence of vascular involvement (37) . This suggests that Rgs1 might be involved in the mitotic response during tendon healing. The role of Rgs1 during tendon healing is unclear, but it could be involved in regulating the inflammatory response and the mitotic rate of the cells.
Increased tendon strength with 4 ϫ 5 min of loading. Five minutes of loading during 4 consecutive days increased the peak force of the healing tendon calluses by roughly 30%. A previous experiment with a similar experimental setup, with 30 min of loading each day for 4 consecutive days, increased the peak force by roughly 60%. This indicates that there is a connection between the duration of the loading episodes and the strength of the healing callus. We have also previously observed a weak correlation between loading time and the peak force of the callus tissue when rats have been loaded for 12 consecutive days (1) . The displacement at rupture and energy uptake were also increased in the loaded tendons, whereas no significant changes were observed for stiffness or transverse area. This suggests that loading had influenced material properties of the healing tissue.
In a clinical perspective, it is interesting that as little as 5 min of loading each day can improve the strength of the healing tissue. Even though a longer loading period might have stronger effects, it could still be quite easy to create a loading regime for patients with only 5 min of training each day.
Limitations. This study has several limitations. We investigated only the gene expression, and not protein levels, and there is not always a good correlation between these two. Moreover, even if the protein levels were increased, it is hard to know whether this actually has a biological function. It would therefore be interesting to investigate the functions of these genes and study the importance of them during tendon healing. Our analysis of FosB does not distinguish between the two splice variants of FosB (FosB and deltaFosB), and this could be a limitation if one of the isoforms is more pronounced in its upregulation. However, studies in bone tissue and cell culture have shown that both isoforms appear to be mechanosensitive (19) . Another limitation is that we have observed that mechanical loading can create more areas with microscopic bleedings than what normally occurs in the unloaded tendons (9); we cannot therefore distinguish between a response to microdamage and a pure mechanotransduction response. However, this is most likely also what happens in humans during tendon healing, and it is therefore important to study tendon healing in experimental animals, and not just in intact tendons or in cell culture systems, where microdamage might not lead to local bleeding or similar consequences. The mechanical measuring technique could also be improved by, for example, using better methods for measuring transverse area.
Conclusions. In conclusion, the four genes regulated after loading were transcription factors. They have previously been shown to be upregulated after different kinds of stimuli in many different cell types. Egr1 and Egr2 are important during tendon development, but also during differentiation of other mesenchymal tissues. The regulated genes do not therefore appear to be specific to either strain or to tendon cells. The response to loading in healing tendons seems to induce a more general mechanism that becomes specific in the context of environmental factors.
